Focal adhesion kinase (FAK) is a critical component in transducing signals downstream of both integrins and growth factor receptors. To determine how the loss of FAK affects the epidermis in vivo, we have generated a mouse model with a keratinocyte-restricted deletion of fak (FAK K5 KO mice). FAK K5 KO mice displayed three major phenotypes -irregularities of hair cycle, sebaceous glands hypoplasia, and a thinner epidermis -pointing to defects in the proliferative capacity of multipotent stem cells found in the bulge. FAK-null keratinocytes in conventional primary culture undergo massive apoptosis hindering further analyses, whereas the defects observed in vivo do not shorten the mouse lifespan. These results suggest that the structure and the signaling environment of the native tissue may overcome the lack of signaling through FAK. Our findings point to the importance of in vivo and threedimensional in vitro models in analyses of cell migration, proliferation, and survival. Surprisingly, the difference between FAK loxP/ þ and FAK K5 KO mice in wound closure was not statistically significant, suggesting that in vivo loss of FAK does not affect migration/proliferation of basal keratinocytes in the same way as it affects multipotent stem cells of the skin.
Introduction
Signals from extracellular matrix (ECM) and growth factors, transduced by integrin family adhesion receptors and growth factor receptors, play critical roles in regulating keratinocyte function by activating intracellular signaling cascades. Integrins, which have no intrinsic kinase activity, function by activating nonreceptor tyrosine kinases, such as focal adhesion kinase (FAK), and mobilizing the cytoskeleton. In our previous studies, we knocked out fak by homologous recombination in mouse embryonic stem cells. Mutant embryos died during late stages of gastrulation with the most striking defects in the morphogenesis of mesodermal tissues (Furuta et al., 1995; Ilic et al., 1995a) . Using this animal model and cells of mesodermal origin derived from FAK-null embryos (fibroblasts, endothelial cells), we and others have determined that FAK plays an indispensable role in regulating cell migration, cell proliferation, and morphogenesis (Abbi and Guan, 2002; Damsky and Ilic, 2002; Hanks et al., 2003; McLean et al., 2003; Parsons, 2003; Schlaepfer et al., 2004; Mitra et al., 2005) . FAK has also recently been shown to integrate signals from adhesion receptors and growth factor receptors (Sieg et al., 2000) .
Much less is known about the role of FAK in epithelial tissues. However, given the important signaling functions determined for FAK in other cell types, we hypothesized that FAK plays critical roles in keratinocyte proliferation and migration. To address this hypothesis, we have generated a mouse model with a keratinocyte-restricted deletion of FAK by crossing mice carrying a floxed fak gene (Beggs et al., 2003) with transgenic mice expressing Cre recombinase under the control of the K5 promoter (Ramirez et al., 2004) . In the skin, this promoter is active in basal cells of stratified epithelia and the outer root sheath cells of hair follicles. The mutant mice displayed three major phenotypes in the hair cycle, sebaceous glands, and epidermis, suggesting that proliferation and/or migration of multipotent stem cells in the bulge might be impaired in the absence of signaling through FAK.
Keratinocyte proliferation and migration are also important features during the second phase of wound healing when resident skin cell types proliferate and migrate from the proximal intact tissue to the wound site. Among the 50 structural and regulatory genes whose expression is significantly higher in keratinocytes and other resident cells surrounding the wound compared to cells away from the wound (Coulombe, 1997) , more than half are linked either directly or indirectly to activation and function of FAK . However, comparative studies of skin wound healing kinetics in normal (FAK loxP/ þ ) and mice with a keratinocyte-restricted deletion of FAK (FAK K5 KO ) had a surprising outcome. Whereas in vivo wound healing assays failed to demonstrate a requirement of FAK for wound closure, isolated FAK-null keratinocytes were unable to survive in the culture.
Results

FAK is expressed in mouse epidermis
Initially, we used immunolocalization to evaluate FAK expression in the adult mouse skin. Keratin 5-positive cells of mouse epidermis and hair follicle also stained positively for FAK on an adjacent section in a pattern that was primarily plasma membrane associated (Figure 1 ).
Generating mice lacking FAK in keratin-5-expressing cells
We generated a conditional deletion of FAK using CreloxP technology. loxP sites flanking the second exon of the FAK kinase domain were introduced into embryonic stem cells (Beggs et al., 2003) ) from the original knockout (Ilic et al., 1995b) -as well as mice with one recombined and one wild-type allele (FAK K5 loxP/ þ ) were viable, fertile and showed no obvious phenotype. Specific deletion of FAK in the epidermis was accomplished by mating FAK loxP/À female mice to FAK heterozygous male mice that also expressed Cre recombinase driven by K5 promoter (Ramirez et al., 2004) . K5 expression is first detected in ectodermal cells at embryonic day (E) l1.5. From El3.5 onwards, K5 is detected in the precursors of most of the epithelia and organs that express K5 at adult stages, including the skin. At birth, the mice designed to disrupt the expression of fak in K5-expressing epithelia (FAK K5 KO ) did not differ obviously from their littermates.
FAK
K5 KO mice do not express full-length FAK, FAK fragments, or FRNK in epidermis The first step in evaluating offspring of the mating described above was to confirm that expression of fulllength FAK was indeed disrupted at the DNA as well as RNA and protein levels. Genomic DNA was prepared from tail biopsies of 7-day-old mice and their genotypes were determined by PCR (Figure 2a) (Figure 2b ). (16.7, 66.6, and 16.7%, respectively) . (c) RNA quality and quantity were analysed using the Agilent 2100 bioanalyser and RNA 6000 Nano LabChip Kit (Agilent Technologies). Only samples with the highest quality of RNA (i.e. 3, 4, and 5) were used for real-time PCR analyses. RNA was of comparable quality in both whole skin and epidermal prep from the same animal. (d) Real-time PCR analyses of FAK expression. Only samples from FAK K5 KO and FAK loxP/ þ littermates that had similar mRNA levels of E-cadherin (E-cad), desmoglein 3 (Dgl3), and K5, genes expressed specifically in epidermis but not in dermis, were compared for FAK mRNA levels. Data are shown as fold increase/decrease of mRNA levels in samples from FAK K5 KO animals using log l0 scale. The differences are less pronounced and error bars are bigger in samples prepared from whole skin because of the presence of dermal fibroblasts, which do not have deleted FAK. Scheme of FAK, outlining in red the deleted exon, which encodes amino acids 445-472, and the location of primers for real-time PCR (arrows) are shown. (e) Northern blot analyses of FAK expression. Northern blots with both FAK N-and C-terminal probes demonstrated that the epidermis of FAK K5 KO mice has greatly reduced intensity of bends corresponding to full-length FAK mRNA. As a positive control for FRNK expression, we used RNA isolated from primary mouse embryonic fibroblasts transduced with FRNK-expressing adenovirus. Although the total amount of loaded RNA (20 mg/lane) was the same in all samples (see ethidium bromide staining of the gel), levels of GAPDH mRNA and FAK were higher in fibroblasts. Therefore, image of the blot with a C-terminal probe is a combination of shorter and longer exposure. FRNK was not detected in mouse epidermis at the age examined (2-4-day-old animals). (f) Western blot analyses of FAK expression. Whole lysates from the epidermis of newborn pups were blotted with antibodies against FAK N-terminal, kinase, and C-terminal domains. Lower molecular weight bands in FAK loxP/ þ lysates are likely products of FAK degradation/cleavage by calpain or caspases (Mitra et al., 2005) . UBI, N-terminal monoclonal 4.41 antibody from Upstate Biotechnologies; TL, monoclonal antibody from BD Transduction Laboratories; LV, polyclonal antibody from Lab Vision. genotypes were analysed. RNA samples were prepared for each mouse from intact skin and from isolated epidermis. Only the samples of high RNA quality were used for further analyses (Figure 2c ). FAK mRNA levels were much lower in samples from FAK K5 KO mice ( Figure 2d ). Traces of FAK mRNA detected in epidermal samples from FAK K5 KO mice are likely from nonkeratinocyte contaminants that are unavoidable in any epidermal prep. The FAK gene gives rise to two independent transcripts, one encoding full-length FAK (125 kDa) and the other encoding the much shorter FAK-related non-kinase (FRNK). FAK and FRNK transcriptions are controlled by two independent promoters. The promoter for FRNK is located within the intron of FAK kinase domain (Nolan et al., 1999) . Since the FAK exon that is deleted in our system is upstream of the Hair cycle and wound healing in FAK K5 KO mice S Essayem et al FRNK promoter, both the promoter and coding regions of FRNK remained intact. It has also been reported that in neural tissue, the FAK gene gives several transcripts encoding only the N-terminal part of the protein, all of which are predicted to end up upstream of our deletion (Andre and Becker-Andre, 1993) . To determine whether FRNK or any truncated N-terminal products are either normally expressed in epidermis or are induced in epidermis as a result of our deletion of full-length FAK, we performed a series of Northern and Western blot analyses using probes and antibodies specific for the N-or C-terminal parts of the FAK transcript/protein. Hair cycle and wound healing in FAK K5 KO mice S Essayem et al difference in the appearance of the pelage resulted from altered phasing of the hair cycle, we examined middorsal skin histology at the level of the thoracolumbar junction in FAK loxP/ þ and FAK K5 KO littermates at P12, P17, and P22. These days were chosen to represent each of the three phases in the first postnatal hair cycle (Paus et al., 1999; Stenn and Paus, 2001) . The presence of hair follicles in the hypodermis of P22 FAK K5 KO mice suggested an irregular hair cycle (Figure 3b ). To determine which part of the hair cycle might be affected, we counted the number of hair follicles per surface area on hematoxylin/eosin-stained histological sections cut parallel to the skin surface. At all days examined (P12, P17, P22), FAK K5 KO mice have consistently about 25% fewer hair follicles than FAK loxP/ þ littermates ( Figure 3c ; data for P17 are not shown). Since FAK K5 KO mice at P12 have a less dense pelage than at P17 (Figure 3a) , these results suggest that not all follicles in FAK K5 KO mice have an emerging hair shaft at P12, and that the process is delayed. Moreover, hair follicles in the FAK K5 KO mice are orientated randomly, rather than being arrayed in a hexagonal pattern as they are in FAK loxP/ þ mice. Hair follicle number and spacing in heterozygous mice are comparable to FAK loxP/ þ at all three time points examined, P12, P17, and P22 (not shown). Adult FAK K5 KO mice periodically showed patches of receding hair, which lasted for several days, disappeared, and then appeared again at another location, suggesting that subtle abnormalities in the hair cycle persist throughout the life of the FAK K5 KO mice. Retarded hair growth in FAK K5 KO mice implied that the lack of FAK might impair proliferation and/or survival of multipotent stem cells that give rise to hair follicle. We compared rates of mitosis and apoptosis in hair follicles of FAK loxP/ þ and FAK K5 KO littermates, through the period between P07 and P22, and could not find a difference (Figure 3d and e) . These results suggest that the time required to accomplish all stages of cell cycle is not the same in cells that do and do not have FAK. The abnormality is most obvious in the first hair cycle because it is synchronized all over the body.
Sebaceous gland hypoplasia and thinner epidermis in FAK K5 KO mice Hair growth is dependent in significant part on the proliferation and migration capacity of multipotent stem cells in the bulge, located on the hair follicle. These cells also give rise to sebaceous glands and epidermis (Alonso and Fuchs, 2003) . If proliferation and/or migration of cells in the bulge are impaired, sebaceous glands and epidermis should also show some defects. Indeed, histological analysis of skin sections of 2-4-month-old mice revealed a significant deficit in sebaceous glands (Figure 4a ). In addition, a thinner epidermis was evident in FAK K5 KO mice at all ages examined (E16.5-P14). We demonstrated the thinner epidermis in FAK K5 KO mice by Western blot, which showed a lower level of keratin 10 (Figure 4b ), and by immunostaining, which showed fewer keratin 10-positive layers (Figure 4c) . Keratin 10 is a marker of differentiated keratinocytes. Since FAK has a role in migration and it is localized on leading edge of migrating cell , the thinner epidermis in FAK K5 KO mice might be caused by impaired migration of cells from basal to upper layers due to loss of polarity. However, b4 integrin expression was restricted to the dermal-epidermal junction, Hair cycle and wound healing in FAK K5 KO mice S Essayem et al suggesting that a polarity of keratinocytes in the epidermis of FAK K5 KO mice is not impaired (Figure 4d ). FAK is also involved in regulation of cell proliferation (Oktay et al., 1999) and cell survival . Based on Ki67 immunostaining, we found no difference between FAK loxP/ þ and FAK K5 KO mice in proliferating cells restricted to the basal layer of epidermis (Figure 4e ).
Lack of FAK does not affect wound healing in vivo, although FAK is essential for keratinocyte survival in vitro To determine how the loss of FAK affects keratinocyte migration/proliferation in vivo, we conducted woundhealing assays using FAK K5 KO mice. Full-thickness, 6-mm-diameter, punch wounds were made, one on each flank, on 8-12-week-old FAK loxP/ þ and FAK K5 KO female mice and the rate of wound closure was monitored. Surprisingly, data analysis using a Wilcoxon's rank sum test for random effects, with autocorrelation over time, did not find a statistically significant difference in wound closure (Figure 5a and b). Integrin b1 was present and active at comparable levels in the basal layer of FAK loxP/ þ and FAK K5 KO mouse epidermis (Figure 5c ), suggesting that signals from b1 integrin that regulate keratinocyte migration do not require FAK. Next, we attempted to follow the migration rate of FAK-null keratinocytes in vitro. However, primary keratinocytes isolated from FAK K5 KO animals would not proliferate in culture, and died within 48 h, whereas, under the same conditions, isolated FAK loxP/ þ keratinocytes survived and proliferated (Figure 5d ).
Discussion
The role of FAK in epithelial cells has not been well studied. We used mice expressing the keratin 5 promoter driving Cre recombinase, and mice with FAK animals failed to proliferate in culture, and died within 48 h, whereas, under the same conditions, isolated FAKexpressing keratinocytes (FAK loxP/ þ ) survived and proliferated. These data suggest that the structural organization of and/or molecular environment in the native tissue -both the basal lamina and underlying connective tissue compartment -may overcome the lack of signaling through FAK in FAK K5 KO epidermal cells. Epidermal stem cells found in the bulge are thought to contribute to all lineages of the hair follicle, sebaceous gland, and epidermis (Liu et al., 2003; Tumbar et al., 2004) . Although the specific surface markers are not yet known, one of the potential markers is b1 integrin (Adams and Watt, 1989; Alonso and Fuchs, 2003; Ma et al., 2004; Morasso and Tomic-Canic, 2005) . It has been thought that signaling via b1 integrins and mitogen-activated protein kinases (MAPKs) cooperate to maintain the epidermal stem cell compartment (Zhu et al., 1999) . Activation of FAK by integrin clustering or by cell binding to ECM proteins leads to association with Src and subsequent Src-mediated phosphorylation of Grb2-binding tyrosine 925 on FAK. This links integrins to the MAPK pathway (Schlaepfer et al., 1994) . However, within the last several years, it became evident that FAK is not involved in all integrinmediated MAPK activation signaling events (e.g. Wary et al., 1998) . In this regard, it is interesting to compare phenotypes of K5Cre-mediated knockout of floxed b1 integrin (Brakebusch et al., 2000) K5 KO mice, the epidermis of the back skin becomes hyperthickened and the basal keratinocytes show reduced levels of a6b4 integrin, FAK K5 KO animals have a thinner epidermis and normal a6b4 integrin expression. In vivo, proliferation of b1 K5 KO cells is reduced in nonwounded but not in wounded skin. Although FAK K5 KO cells proliferated equally well in both nonwounded and wounded skin, a delay in the initial hair growth suggested that the time required to accomplish the cell cycle seems to be altered. In vivo, K5Cre-mediated deletion of either b1 or FAK had no effect on cell survival. However, FAK K5 KO cells were unable to survive in vitro, whereas survival of b1 K5 KO cells in vitro was unaffected. All these difference clearly point out that although b1 integrins and FAK are often part of the same pathway, they also have distinct functions. b1 integrin is paired with several different a subunits and they serve as receptors for a number of ECM proteins.
On the other hand, FAK also participates either directly or indirectly in signaling pathways that do not involve integrins, for example, epidermal, plateletderived, vascular endothelial, as well as fibroblast growth factor receptor signaling Mitra et al., 2005) . Impaired signaling of profollicular fibroblast growth factors may easily account for hair phenotype of mice lacking FAK in the skin and it is a subject of our future studies.
Previous studies have provided direct evidence for a role of FAK in cell migration (Ilic et al., 1995a; Cary et al., 1996; Fincham and Frame, 1998; Klemke et al., 1998) , protection from apoptotic cell death (Frisch et al., 1996; Ilic et al., 1998) , and in cell proliferation (Oktay et al., 1999) . The common element connecting all these cellular processes is actin cytoskeleton remodeling. Indeed, the absence of FAK is known to affect actin cytoskeleton and cell shape in fibroblasts (Ilic et al., 1995a .
The role of actin cytoskeleton and ECM signaling during skin maturation is not well understood. Recent studies with the mice expressing green fluorescent protein (GFP)-actin in their keratinocytes suggest a role of both ECM signals and actin fibers in the process of epidermal stratification (Vaezi et al., 2002) . To understand whether FAK has a role in this process in keratinocytes and whether this could explain the effect of FAK deficiency on thickness of epidermis, we would have to turn to in vitro work. However, inability to culture primary keratinocytes lacking FAK is a major problem, and to answer these questions an appropriate in vitro system has to be generated. One approach would be to introduce a p53-null background into FAK K5 KO mice (Ilic et al., 1995a . A more complex solution that is closer to the in vivo setting would involve culturing skin explants from El8.5 FAK-expressing and FAK K5 KO mice. Wound closure is dependent basically on two processes: keratinocyte migration into the wound site and contraction of fibroblasts within the granulation tissue underneath. It is known from knockout experiments and cells other than keratinocytes that interference with FAK interferes with cell migration and spreading, key features of keratinocyte activation. Our finding that loss of FAK in keratinocytes does not retard wound closure cannot be explained by the fact that the crucial component of wound closure is contraction of the wound bed mediated by (myo)fibroblasts, cells present in the wound bed in large quantities and unaffected by the keratinocyte-specific deletion of FAK. In a similar type of experiments, keratinocytes lacking b1 integrin were unable to re-epithelialize the wound (Grose et al., 2002) . This suggests that FAK does not have a crucial role in keratinocyte migration. A similar lack of effect on wound healing was observed in an independent study on the role of FAK in skin carcinogenesis in which FAK with a different floxed region was deleted in keratinocytes using mice in which Cre is driven by the K14, not the K5, promoter (McLean et al., 2004) . The discrepancy between these two studies and the large number of other reports describing in vitro experiments points to the importance of using in vivo and three-dimensional in vitro models in analyses of cell migration, proliferation, and survival.
The study by McLean et al. (2004) reported increased FAK-null keratinocyte cell death in vitro and in vivo, a phenomenon that we did not observe in our model using the same marker, activated caspase 3. This discrepancy may be derived from differences in genetic backgrounds and/or the age of mice under study. There is also evidence that selection of the K5 vs K14 promoter can influence phenotypic outcomes of keratinocyte-specific Cre expression. Deletion of b1 integrin affected phenotypes more dramatically when the K14 promoter was used to target kerotinocytes (Brakebusch et al., 2000; Raghavan et al., 2000) . Our findings highlight the importance of using multiple experimental approaches to determine the function(s) of genes under study.
Materials and methods
Mice and genotyping
Mice were maintained and bred at the UCSF Laboratory Animal Research Center facility in accordance with institutional guidance and National Institute of Health standards. 
RNA isolation and Northern blot
Total RNA was isolated from the epidermis of 2-4-day-old FAK loxP/ þ and FAK K5 KO mice and primary mouse embryonic fibroblasts transduced with FRNK-expressing adenovirus (Hauck et al., 2001 ) using the RNAeasy columns (Qiagen). Epidermal samples were processed according to the manufacturer's recommendations for isolation of RNA from fibrous tissue. For Northern analysis, total RNA (20 mg per lane) was size-fractionated on 0.8% agarose gel containing 2.2 M formaldehyde, transferred to Duralon-UV membrane using Pressure Control Station (Stratagene), and fixed to the membrane using UV irradiation (Nucleic Acid Transfer Lamp, Stratagene). Probes were generated by PCR using FAK mouse cDNA and primers 5 0 -GGCATCATTCAGAAGATAGTG-3 0 and 5 0 -GATCCAACTTGACCCAAGGGC-3 0 for N-terminal probe, and 5 0 -CAGGTGCTTCC CCCTCACCTG-3 0 and 5 0 -GTGTGGCCGTGTCTGCCCTAG-3 0 for C-terminal probe. Purified N-terminal 605 bp and C-terminal 755 bp PCR products were labeled with [a-32 P]dCTP using the Random Primer Labeling Kit from Stratagene. Hybridizations were performed in QuikHyb hybridization solution (Stratagene) according to the instruction of the manufacturer. Blots were later stripped and reprobed with radiolabeled glyceraldehyde phosphate dehydrogenase cDNA (GAPDH) as described by Kovacic-Milivojevic et al. (2001) to control for differences in loading and transfer of RNA among samples.
Real-time PCR
To amplify murine FAK, forward primer (GCGTGAGAGAG AAGTTCCTTCAA), reverse primer (TCACGATGTGAGG ATGGTCAA), and FAM/MGB-labeled probe (AAGCCTTA ACAATGCGTC) were designed using Primer Express software. E-cad, Dgl3, K5, and GAPDH were amplified using systems available as Assays on Demand (Applied Biosystems). Reverse transcription was carried out using the TaqMan Gold RT-PCR kit. This was followed by real-time PCR, which was performed in duplicate using the Applied Biosystems 9700HT sequence detection system. A fivefold titration of control template was included in every run, along with a minimum of three negative controls. Reactions were incubated at 501C for 2 min, then 951C for 10 min. This was followed by 40 cycles of 951C for 15 s and 601C for 1 min.
Antibodies, immunostaining, and Western blot Staining was carried out on either the same or adjacent 5-mmthick sections of fresh frozen tissue. We used rabbit polyclonal antibodies against keratin 5 (Covance), phospho-S10 histone H3 (UBI), active caspase 3 (Sigma), Ki67, and FAK (LabVision), rat monoclonal against E-cadherin (Zymed), active b1 integrin and b4 integrin (BD Pharmingen), and mouse monoclonal antibodies against keratin 10 (LabVision), ezrin, and FAK (UBI, BD Transduction Laboratories). The staining procedure and Western blot have been described in detail previously .
Wound healing
Two full-thickness, 6-mm-diameter, punch wounds were made, one on each flank, of 8-12-week-old FAK loxP/ þ (animals: n ¼ 8; wounds: n ¼ 16) and FAK K5 KO (animals: n ¼ 8; wounds: n ¼ 16) female mice and the rate of wound closure was monitored. Mice were anesthetized using 1 l/min of 5% isoflurane/O 2 in a rodent inhalant portable anesthesia system (Summit Medical). Bilateral full-thickness wounds were created on shaved flanks using a 6-mm-diameter DisposaDerm punch biopsy (Cooper Surgical). Photos of wounds were taken with a SPOT RT CCD camera (Diagnostic Instruments) at days 0, 2, 4, 8, 10, and 12 under a dissecting microscope (Zeiss). To determine wound closure rates, the surface area of each wound was measured using an image analysis tool, ImageJ (National Institutes of Health). Statistical analysis was performed using Wilcoxon's rank sum test for random effects with autocorrelation over time.
Counting hair
Hair number was counted in equivalent areas of the back skin of FAK loxP/ þ and FAK K5 KO littermates as described by Cui et al. (2003) . Briefly, skin samples were taken with a 6 mm dermal biopsy punch (Cooper Surgical) from three mice of each genotype, fixed in 4% paraformaldehyde overnight, and embedded in paraffin. Sections (10 mm) were cut parallel to the skin surface, and stained with hematoxylin and eosin (Sigma). Hair numbers were counted from three random areas of each biopsy at Â 40 magnification.
Abbreviations E, embryonic day; ECM, extracellular matrix; P, postnatal day.
